Selective markers employed in classical mutagenesis methods using natural genetic transformation can affect gene expression, risk phenotypic effects, and accumulate as unwanted genes during successive mutagenesis cycles. In this chapter, we present a protocol for markerless genome editing in Streptococcus mutans and Streptococcus pneumoniae 
Introduction
Genome editing is a powerful tool for the analysis of gene function and regulatory pathways in many organisms. In the bacteria, natural genetic transformation can provide a direct route between synthetic DNA constructs and the cell genome, via DNA uptake and homologous recombination. As the efficiency of this process is often low, many routine strategies for mutagenesis by this route employ a selective marker linked to the desired mutation, allowing recovery of rare recombinants simply by use of selective agar medium. While invaluable for mutagenesis in organisms with low transformation efficiency, such markers unfortunately carry unwanted information, which can potentially alter the organisms' gene expression and phenotype. In addition, during successive cycles of mutagenesis different markers accumulate, compounding their side effects.
To create a simple method of markerless genome editing in S. mutans UA159 or in laboratory strains of S. pneumoniae , it was necessary to raise the efficiency of transformation close to unity. In S. mutans, the recently described competence pheromone known as the sigXinducing peptide (XIP) [1, 2] has the potential of stimulating development of competence in all cells in a population, in contrast to the bimodal response to another S. mutans competence pheromone, CSP [3, 4, 5, 6] . In addition, the XIP-induced competent state is unusually persistent in S. mutans , lasting for hours and accompanied by a reduced apparent growth rate [7] . In S. pneumoniae , high rates of transformation are obtained by treatment with pneumococcal CSP [8] and the use of large DNA fragments. As previously shown, transformation efficiency increases dramatically for genomic donor fragments larger than 1 kb, approaching a maximum only above 10 kb [9, 10] .
By combining the aforementioned key factors with use of PCR amplicon donors targeted to a single genomic site, an significant increase in transformation efficiency from 0.1 to 1 % to rates higher than 30 % was obtained in both S. mutans and in S. pneumoniae [11, 12] .
Recovery of the desired mutant can be accomplished by use of a simple PCR step using specific primers that distinguish the mutant from the parental alleles. Given that efficiencies above 30 % are routinely obtained, the screening of one or two dozen colonies is normally sufficient.
This chapter describes a protocol that incorporates these key factors to achieve markerless genome editing in a S. mutans reference strain or in S. pneumoniae . 3. Liquid media: Chemically defined medium (CDM) [6] , prepared from stable concentrated stock solutions with 1 % glucose is used for growth, stock preparation, and transformation assays (see Note 2 ). Tryptic Soy Broth (TSB, Becton Dickinson, Franklin Lakes, NJ, USA) is used for growth, transformation assays, preparation of stocks, and serial dilutions. 
PCR

Primers
Oligonucleotide primers are obtained (deprotected and desalted) from commercial synthesis services. Primers are dissolved in molecular biology-grade (sterile deionized) water to obtain a stock concentration of 100 μM, and stored at −20 °C.
Methods
The following protocol was established with the objective of achieving sufficiently high yields of transformants to allow convenient direct editing of the genome without resort to selective markers. The nature of each sequence alteration hinges on the research objective and can vary from single base substitutions to gene deletions, rearrangements, or replacements (see Subheading 3.4). In S. mutans , the basis for the method is the extended maintenance of a high level of competence in CDM, which allows a steady accumulation of recombinants during prolonged exposure to a high-MW donor DNA (see Fig. 1 ).
Fig. 1
Comparison of Kinetics of sigX expression in CDM and TSB. Strain SM068 was grown in 200-μL volumes of (a) CDM or (b) TSB in a 96-well plate in ambient air at 37 °C with or without 1 μM XIP (black) or 250 nM CSP-18 (grey), respectively. The sigX expression (sigX reporter luminescence measured as relative light units, RLU) relative to the optical density at 600 nm (OD600) of the culture ((c) for CDM, (d) for TSB) was monitored periodically. The results shown are the averages of three replicates (±SEM)
Construction of Markerless Amplicons
1. Design primers to amplify two sections in the locus where the mutation will be inserted (Fig. 2a) . For illustrative applications see Subheading 3.4. In the case illustrated in Fig. 2 , the region marked in red will be deleted. Primers P1 and P4 are 18-22 bp in length and have a melting temperature close to 60 °C. Base composition should be 40-60 % G + C and, if possible, the 3′-terminal base should be a G or a C.
Primers should be designed to avoid primer dimers or hairpin structures. Primers P2 and P3 overlap and their design is restricted to the specific sequence in the region where the mutation will be inserted. Firstly, design the primer to match a region flanking the desired mutation. Secondly, add to this sequence a similar-sized sequence present in the antisense strand, to overlap with the other amplicon (Fig. 2a) .
Independently, both of these sequences that will form one primer should have 16-18 bp and a melting temperature close to 60 °C. The final sequences of P2 and P3 will have 34-36 bp each. It is crucial that the flanking regions of homology in each of the amplicons extend for 2-3 kb. 3. Design two primers that will be used to connect and amplify the fragments (P5 and P6) (Fig. 2b) . Using nested primers (P5 and P6), in contrast to using the original outer primers (P1 and P4), greatly increases the specificity of the amplification [13] .
As before, utilization of a proofreading DNA polymerase enzyme that is optimized for long fragments is essential (see Note 5 ). Fig. 3 ). If a desired transformant is identified, a subclone can be cultured from the corresponding streak plate after 24 h of incubation at 37 °C, 5 % CO2 (Fig. 2f) . If there are no pure positive but only mixed and negative reactions, pick several colonies from the streak plate made from a mixed colony and repeat the same screening procedure. (Fig. 2g ).
13. A confirmatory PCR should be conducted once the stock is made to confirm that only the mutant allele is present. Final confirmation of the mutation in the target gene is done by sequencing (Fig. 2h ). 4. Design screening primers to distinguish donor from recipient alleles.
5. Pick 25 isolated colonies using sterile loops or needles; resuspend each in 10 μL in water. Prepare a streak plate with 2 μL of each suspension on a new TSB plate, and follow steps 9-14 in Subheading 3.2.
Examples of Applications
In the applications of this method sketched in Fig. 2 , three genes in S. mutans and one gene in S. pneumoniae were targeted for various alterations by use of sequences from GenBank accession numbers NC_004350 and NC_003098. Strains and specific primer sets for each case are listed in Tables 1, 2 , 3, 4, and 5. FP009/FP947 were used to link segments 1 and 2, creating the final 5,757-bp amplicon aRJ04, which was used to transform strains SM068 and SM091, creating strains SM177 and SM179, respectively. Primer pairs FP918/FP919 and FP920/FP921 were used to detect the inversion in SM177 and SM179 FP937/FP938 were used to overlap and link segments 1 and 2, creating the final amplicon aRJ17, which was used to transform strain SM068, creating mutant SM188. Primers FP898-FP905 were used to detect the base substitution in SM188 Underlined letters represent the 1-base substitution
Example 1. Eight-Basepair Inversion
The method can be used to invert small sequences in the genome. In this example, the objective was to investigate a promoter region of comE putatively recognized by SigX [3] in S. mutans UA159, by making an 8-bp inversion. The steps of Subheading 3.1 were followed for the creation of the amplicon that was used to transform SM068 and SM091 (psigX::luc reporter derivatives of UA159) into SM177 and SM179 (see Table 1 ; Fig. 4 ). Nested primers (P5 and P6) 5.7 kb apart (see Fig. 4 ) were used to connect the two segments with overlapping PCR, creating a final amplicon product having the mutation in its center.
This final product was used to transform S. mutans (see Subheading 3.2).
Twelve colonies were screened. Seven were mixed; four were pure mutant clones (33 %).
Pure mutant colonies were isolated, re-screened, and stocked as strains SM177 and SM179 (Table 1) .
Example 2. Thirty-Nine-Basepair Deletion
To investigate the function of two direct repeats located close to the putative promoter region of comE (Fig. 2) in S. mutans UA159, primers for PCR (P2 and P3) were designed to flank the region selected for deletion, and respectively matched by primers located in distal flanking regions (P1 and P4) to create two segments of 2.9 kb (P1/P2) and 2.8 kb (P3/P4).
Nested primers (P5 and P6) 5.1 kb apart were used to connect the two segments with overlapping PCR, creating the final amplicon product containing a central deletion.
The final amplicon product was used to transform S. mutans strains SM091 and SM134.
Among 16 colonies screened, 4 were mixed (25 %), and 12 were negative. To allow segregation, these 4 colonies were grown in TSB the next day, plated, re-selected, and rescreened twice in order to isolate the pure mutant clone, creating strains SM189 and SM190.
Example 3. Single-Base Substitution in S. mutans
To investigate the function of an open-reading frame (smut_orf_1_105) that overlaps SMU_60 in S. mutans UA159, a base substitution was designed to create a stop codon in the former ORF but retain unaltered translation of the latter ORF.
Complementary primers (P2 and P3) carrying the single-base substitution were designed and respectively matched by primers located in the flanking regions (P1 and P4) to create two segments of 3.9 kb (P1/P2) and 3.8 kb (P3/P4).
Nested primers (P5 and P6) 7.5 kb apart were used to connect the two segments by overlapping PCR, creating a final amplicon product having the mutation in its center. The final amplicon product was used to transform S. mutans UA159 (see Note 13 ).
The screening primers in this case required use of touchdown PCR to achieve discriminatory specificity (see Note 14 and 15 ). The annealing temperature was reduced gradually from 68 to 63 °C during the first 15 cycles and maintained at 63 °C during remaining cycles.
Otherwise the program was the same as described above (Subheading 3.2, step 10). A mixed colony was re-streaked, and a verified pure mutant subclone was retained as strain SM188 (Table 1 ). The mutation was confirmed by DNA sequencing.
Example 4: Single-Base Substitution in S. pneumoniae
Single-amino acid substitutions in the S. pneumoniae primary sigma factor (RpoD) can bypass the need for the critical ComW component during transformation [12] . To investigate the effect of the corresponding single-base substitution, a 5.5-kb region around rpoD of strain NYT1 (Table 1) was amplified using primers YT30 and YT31 (Table 5) , centered on the mutant base (Fig. 4d) .
Mutant sequences were amplified, purified, and transformed into S. pneumoniae strain CP2137. Using a 69 °C annealing temperature during the colony-screening PCR, the screening yielded 50 % pure transformants based on amplification from the primer set complementary to the mutant sequence.
One colony was streaked out and 10 subclones from this streak were again tested by PCR.
Although 9 of 10 colonies again showed the mutant sequence, one showed the WT sequence, indicating the need to re-streak and pick isolated colonies. A single subclone with the mutant sequence was reconfirmed by DNA sequencing and named CP2451.
4 Notes
